(GAGS) with electrophoretic mobilities on cellulose acetate similar to heparin (H), heparan sulfate (HS), and chondroitin sulfate (CS) were detected in cell extracts and in conditioned medium of high-density, neuronenriched cultures labeled with %O,. Heparitinase digestion revealed that heparan sulfate proteoglycans (HSPGs) were heterogeneous in charge density and were responsible for neurite outgrowth activity for sensory neurons in conditioned medium. In the presence of @-D-xyloside, an inhibitor of proteoglycan assembly, there was an increase of released GAGS with the mobility of CS and heavily sulfated HS but a decrease in neurite outgrowth activity on a laminin substrate at times greater than 14 hr.
In the presence of /3-D-xyloside or the monoclonal antibody HNK-1 (Leu 7), which recognizes a neuronal cell surface epitope, there was a time-dependent inhibition of process formation that was half-maximal at 7-8 hr and independent of laminin concentration or cell adhesion to the laminin substrate. The kinetics and magnitude of the inhibitory effects of fi-D-xyloside and HNK-1 (Leu 7) were similar, and the influence of HNK-1 (Leu 7) could no longer be observed in the presence of ,&D-xyloside. Pretreatment of the laminin substrate with conditioned medium from high-density neuron cultures resulted in an increased rate of neurite formation compared with untreated laminin. Where the laminin substrate had been pretreated with conditioned medium, maximal inhibition by HNK-1 (Leu 7) was apparent from the earliest times. However, if the conditioned medium had been digested with heparitinase, neither enhanced neurite outgrowth nor the inhibitory influence of HNK-1 (Leu 7) were observed.
The present biosynthetic and functional studies suggest that neurons are one source of HSPGs. These data complement and extend earlier studies suggesting a role for HSPGs in neurite formation. The experiments also provide evidence for modulation of laminin by HSPGs which interact with laminin and promote neurite outgrowth that is mediated by a cell surface receptor at or in juxtaposition to the HNK-1 (Leu 7) epitope.
There is evidence to suggest that the developing nervous system produces several classes of proteoglycans. At various times during ontogeny of the CNS, proteoglycans have been found to be associated with neurons and non-neurons (Margolis et al., 1975; Aquino et al., 1984) . Embryonic neurons and PC1 2 pheochromocytoma cells maintained in vitro have been shown to display heparan sulfate proteoglycan (HSPG)-like immunoreactivity (Matthew and Patterson, 1984; Matthew et al., 1985) . Heparan sulfate proteoglycans have been implicated in Schwann cell proliferation (Ratner et al., 1985) , in neurite extension (Matthew et al., 1985) , and in cell-cell and cell-substrate adhesion . There is evidence that neural cell adhesion molecules have binding domains for HSPGs (Cunningham et al., 1983; ) and laminin, a major component ofbasal lamina, is known to have a binding site for this proteoglycan at the globular end of the long arm (Timpl et al., 1983; Edgar et al., 1984; Engvall et al., 1986) . HSPG is intimately associated with the basal lamina of the PNS (Eldridge et al., 1986; Carey et al., 1987) .
In previous studies it has been found that embryonic cultures highly enriched for sensory or central neurons release to their environment molecular species that become substrate bound and promote neurite outgrowth (Riopelle et al., 1986) . Since proteoglycans bound to laminin (Timpl et al., 1983; Engvall et al., 1986) are believed to play a role in neurite extension , the present study was designed to determine if neuron-conditioned medium contained proteoglycans, to characterize cell-bound and released proteoglycans synthesized by neurons in vitro, and to identify those proteoglycans with neurite-promoting activity when bound to laminin.
The monoclonal antibody HNK-1 (Leu 7), which recognizes a carbohydrate epitope on a family of nervous system cell surface adhesion glycoproteins (Kruse et al., 1984; McGarry et al., 1985) and interferes with neurite formation on a poly(D-lysine) substrate treated with neuron-conditioned medium (Riopelle et al., 1986) , has permitted an examination of the role of cell surface carbohydrate epitopes in the interaction of sensory neurons with the proteoglycan-laminin complex.
Materials and Methods

Materials.
Tissue culture medium and fetal calf serum were obtained from Gibco. Trypsin and DNAse were from Worthington. Nerve growth factor (NGF') was prepared as described by Mobley et al. (1976) and Chapman et al. (198 1) . Additives to prepare defined medium as described by Bottenstein et al. (1980) 4-methylumbelliferyl-@-D-glucoside, glycosaminoglycan reference stan-HNK-1 (Leu 7) monoclonal antibodies were used at dilutions of 1:40 dards, and chondroitinase ABC were-from Sigma. Heparitinase was purchased from ICN. Rabbit anti-chick neurofilament (NFl60) antiserum was a gift of G. Bennett (University of Pennsylvania); rabbit antigalactocerebroside was a gift of R. Lisak (University of Pennsylvania); rabbit antiglial fibrillarv acidic urotein fGFAP) was from Amersham: and rabbit ~mmunoglobulin was 'from Cedarlane. Alkaline phosphataseconjugated goat anti-rabbit immunoglobulins and substrates were purchased from Promega. L-4,5JH-leucine and 'S-sulfate were from New England Nuclear. Laminin was from Bethesda Research Laboratories or a gift from S. Carbonetto (McGill University). Rabbit antilaminin and rabbit antifibronectin were from Bethesda Research Laboratories. The monoclonal antibody HNK-1 (Leu 7) was prepared as ascites fluid. Control ascites fluid (P3X) was prepared by intraperitoneal injection of the P3X cell line-the fusion partner for HNK-1 (Leu 7) monoclonal antibody production. Ascites-prepared monoclonal antibodies GENSl, GEN-S3, and GEN-S8, which recognize peptide fragments of the cell adhesion molecule myelin-associated glycoprotein (MAG) (NobileOrazio et al.. 1984) were nifts of N. Latov. The monoclonal antibodies in ascites fluid were not ?&her purified and were stored at 20 mg/ml at -70°C.
Ceil culture for production of conditioned medium. Spinal cords were removed from 8 d chick embryos, chopped, and incubated in 0.1% trypsin in 0.05 mg/ml DNAse in Ca2+/Mg2+-free Gey's balanced salt solution (CMFl for 30 min at 37°C. The reaction was StODDed bv re-IA , moving the incubation solution and adding defined medium (Bottenstein et al., 1980) with 10% fetal calf serum (FCS). Following trituration, the cell suspension was centrifuged (750 x g for 8 min at 4°C) through a concentrated FCS gradient, suspended in defined medium with FCS, plated on a 100 mm Falcon culture dish in 4 ml of medium, and incubated for 2 hr at 37°C 5% CO,. The nonadherent, neuron-enriched population of cells was then seeded into 18 mm wells coated with poly(~-lysine) (0.1 mg/ml for 24 hr) at a plating density of lo5 cells per well in defined medium with 10% FCS. After 24 hr incubation at 37°C 5% CO,, the medium was removed, the wells washed and replenished with serum-free defined medium with 10 PM cytosine arabinoside. After 6 d the medium conditioned by the cells was removed, filtered through 0.2 km Millipore filters and kept at 4°C. Cells were fixed and processed subsequently for immunocytochemistry or were removed from wells with CMF (0.5 ml/well) and kept for glycosaminoglycan isolation. Protein content of the conditioning cells was measured by the method of Lowry et al. (1951) .
Sensory neurons, obtained from dorsal root ganglia (DRG), were prepared as described for spinal cord cultures with the following exceptions: 0.01% trypsin for 10 min was used, and cultures were established in supplemented Ham's F12 medium with 5% FCS @utter et al., 1979) with 4 PM NGF for 24 hr. The medium was then changed to serum: free defined medium with 4 DM NGF and 10 UM cvtosine arabinoside.
Radioisotope labeling of cultures. After 24 hr in serum-free defined medium with cytosine arabinoside, cultures were labeled with ?S-sulfate (20 &i/ml) in the same medium or L-4.5-3H-leucine (10 &i/ml) in serum-free,' leucine-free defined medium. In some experiments, p&i-trophenyl-P-D-xylopyranoside (P-D-xyloside) was added to culture wells at a concentration of 1 .O mM at the time neurons were seeded.
Immunocytochemistry. Immunocytochemical labeling of conditioning cells was performed after 7 d in culture following light fixation with 2% paraformaldehyde for 5-l 0 min, washing in Tris-buffered saline and TWEEN 20 (TBST, 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% TWEEN 20), and blocking for 30 min with TBST and 1% BSA. Rabbit anti-chick neurofilament (NF160) (Bennett et al., 1984) , rabbit anti-GAL-C (to identify oligodendrocytes; McGany et al., 1985) , rabbit anti-GFAP (to identify astrocytes; McGarry et al., 1985) , or rabbit immunoglobulin as control were incubated with the cells at a dilution of 1:200 for 45 min at 25°C. The wells were washed thoroughly and then incubated with anti-rabbit IgG peroxidase conjugate (1:250). After thorough washing the cells were overlaid with 0.05 M Tris-HCl (pH 7.6) containing diaminobenzidine 0.5 mg/ml and 0.009% H,O, for 15 min. The reaction was stopped by washing with 0.05 M Tris-HCl, and the cells were photographed with bright-field optics using a Leitz Diavert microscope with camera attachment.
Sensory neurons, prepared as described and seeded on Terasaki plate wells, were incubated for 24 hr and then treated as follows: the neurons were lightly fixed with 2% paraformaldehyde for 5-10 min; plates were washed in TBST three times for 5 min each at room temperature and then blocked for 30 min with TBST and 1% BSA. The GEN-S3 and in TBST buffer. for 30 min, followed by three 10 min washes in TBST; the wells were then reacted with 1:1500-1:4500 alkaline phosphatase conjugated goat anti-mouse immunoglobulins in TBST for 30 min, followed by 3 TBST washes. The color reaction was developed with the substrate nitroblue tetrazolium and 5-bromo,4-chloro,3-indolyl phosphate in alkaline phosphatase buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, and 5 mM MgCl,).
Glycosaminoglycan (GAG) isolation and separation. GAGS were isolated from neuron-conditioned medium and from cells after 7 d in culture by a modification of the method of Hronowski and Anastassiades (1980) . Four volumes of ethanol were added to the medium or cell suspension, and the mixture was allowed to stand for 1 hr at 25°C. The pellet obtained after centrifugation at 10,000 x g for 10 min was washed with acetone and allowed to stand for 30 min. After centrifugation as above, the pellet was air-dried overnight and then digested with 1.5% (vol/vol) papain (1 ml for each ml of medium or cell suspension) for 24 hr at 65°C. The papain digest was diluted with 2.5 volumes distilled water. and 0.1 ml of 5% cetvlovridinium chloride (CPC) in 0.2 M NaS.0, was added per milliliter of undiluted papain digest. After 1 hr at 37'C the precipitate was collected by centrifugation for 10 min at 15,000 x g. The pellet was dissolved in 2 ml 2 M sodium acetate-ethanol (100: 15, vol/vol), pH 7.0, and incubated for 30 min at 37°C. Six volumes of ethanol were added, and the GAGS were allowed to precipitate overnight at 4°C. The pellet collected after centrifugation (15,000 x g for 10 min) was washed with distilled water and the samples lyophilized.
GAG isolates were separated by a modification of the method of Capelletti et al. (1979) . The isolates were redissolved in 10-20 pl of distilled water, applied to Titan ZipZone cellulose acetate plates and electrophoresed (180 V for 7 min) in a LKB 2117 flat-bed apparatus with 1.0 M barium acetate, pH 5.0, as running buffer. The plates were soaked in 0.1 M barium acetate, pH 5.0, for 2 min; electrophoresed at 200 V for 20 min; soaked in 0.1 M barium acetate, pH 5.0, with 15% ethanol for 2 min; and then subjected to 200 V for 25 min. The plates were stained with 0.1% Alcian blue in 10% ethanol, 0.1% acetic acid, and 0.03 M MgCl, for 30 min, destained in the same solution without Alcian blue, scraped for scintillation counting, or subjected to radioautography at -70°C (Bonner and Laskey, 1974) . GAGS were identified by their electrophoretic mobility relative to a mixture of reference standards (1 mg/ml)-heparin, from porcine intestinal mucosa; heparan sulfate, from bovine kidney; and chondroitin sulfate, from shark cartilage.
CPCjilter assay. 35S-sulfate-labeled materials were also analyzed by the method of Rapraeger and Bemfield (1985) . Aliquots of conditioned medium were spotted onto dry Whatman 3 MM filter disks previously soaked in 2.5% CPC. The disks were washed in distilled water and then soaked in 25 mM sodium sulfate for 1 hr, followed by 1 hr in distilled water. These washes remove free 35S-sulfate but do not affect GAGcontaining materials. After washing in 95% ethanol, the disks were dried for scintillation counting.
Enzyme digestions. Enzymatic digestions were carried out on isolated GAGS prior to electrophoresis or on conditioned medium prior to the CPC filter assay or bioassay. Chondroitinase ABC was used at 100 mU/ ml in CMF. DH 7.4. for 1 hr at 37°C. and heoaritinase (350 mu/ml in 50 mM T&,*5 mM'calcium acetate,' pH 7.6) was incubated with the samples for 1 hr at 43°C. Controls consisted of isolated GAGS or conditioned medium incubated in buffer only. For the bioassay, another control consisted of conditioned medium containing heparitinase or chondroitinase placed on a laminin substrate overnight at 4°C. Concentrations of enzymes used were chosen on the basis of specific effects on chondroitin sulfate and heparan sulfate standards.
Electrophoresis. Dialyzed, lyophilized samples of 3H-leucine and YSsulfate-labeled conditioned media were subjected to SDS-PAGE by the method of Laemmli (1970) . Separating gels were 5-25% linear acrylamide gradients and stacking gels were 5% acrylamide. Labeled material was detected by fluorography at -70°C.
Znvertedplate bioassay. Sensory neurons were prepared as described, and neurons were seeded into wells of Terasaki microculture plates at a plating density of 500-900 cells/well in defined medium (Bottenstein et al., 1980) with 4 PM NGF. The wells had been treated overnight (37"C, 5% CO,) with poly(D-lysine) (0.1 mg/ml), washed extensively, treated overnight (37°C 5% CO,) with laminin (l-100 &ml), and washed thoroughly. In some experiments, P-D-xyloside or 4-methylumbelliferyl-fi-D-glucoside (0.2-2 mM) (Carey et al., 1987) , monoclonal antibodies HNK-1 (Leu 7), GEN-S 1, GEN-S3, and GEN-S8, and poly- clonal rabbit antilaminin (1:200) and antifibronectin (1: 100) were added to culture wells in a total volume of 10 ~1 at the time neurons were seeded. In some experiments, HNK-1 (Leu 7) and P3X control ascites fluid were overlaid on the laminin substrate for 6-8 hr and then removed prior to seeding of neurons. Plates were incubated at 4°C for 30 min in the upright position, then at 4°C for 30 min in the inverted position, followed by incubation in the inverted position at 37°C in a humidified atmosphere of 5% CO, and air for the remainder of the assay. Wells were examined at 200x magnification under phase optics at various times between 3 and 24 hr, and the number of cells with processes greater than 2 cell diameters was counted.
to each well to give a final concentration of 0.5 mg/ml. The plates were incubated for 30 min (37°C. 5% CO,). and the wells were scored usina bright-field optics for tktrazolium blue-positive cells. MTT is converted by viable mitochondria to a blue tetrazolium precipitate and has been used as a sensitive indicator ofneuronal cell survival (Dow and Riopelle, 1985) . Statistical analysis. Differences between groups were compared by Student's t test or analysis of variance and the method of least-significant difference (Snedecor and Cochran, 1980) .
Biosynthesis of proteoglycans by neurons
To assay for substrate-attached neurite-promoting activity in conditioned medium and the effect of enzyme digestion on this activity, Results chondroitinase ABC and heparitinase digestions of conditioned medium were carried out as described previously, and 10 ~1 of medium was then added to Terasaki microwells previously coated sequentially with poly(~-lysine) and laminin. After an overnight incubation at 4"C, the medium was removed, the wells washed thoroughly, and DRG neurons added in serum-free defined medium with 4 PM NGF. Wells were scored for process formation as described above.
Survival assay. After neurons were scored for process formation, some experimental wells were analyzed for survival of adherent cells. MTT (dimethylthiazol-2-yl-2,5diphenyltetrazolium bromide), 1 ~1, was added
Spinal cord conditioning cultures were highly enriched for neurons as early as 24 hr after exposure to cytosine arabinoside. Greater than 90% of spinal cord cells reacted positively with anti-NF160, but no labeling with anti-GAL-C or anti-GFAP was observed at 48 hr, the time of labeling with 35S-sulfate. Thus, the probability that spinal cord neurons were responsible for proteoglycan synthesis and release was high. Similarly, DRG Figure 2 . Effect of /3-D-xyloside on glycosaminoglycan synthesis. GAGS were isolated from conditioned medium produced in the absence (open bars) and presence tilled bars) ofp-n-xyloside and separated by cellulose acetate electrophoresis. Results are expressed as dpm x 1 O-Z/mg cellular protein (mean k SD, n = 3). GAGS with the mobility of H and CS produced in the presence of P-D-xyloside were significantly increased above control levels (*p < 0.01).
cultures were highly enriched for neurons by 24 hr and devoid of non-neuronal cells by 48 hr.
Cellulose acetate electrophoresis High-density cultures enriched for either sensory or spinal cord neurons were labeled continuously with 35S-sulfate from day 2 to day 7 of culture. When GAGS were extracted from the cells or from the conditioned medium and subjected to cellulose acetate electrophoresis, bands comigrating with heparin (H), heparan sulfate (HS), and chondroitin sulfate (CS) standards were detected by radioautography. Heavily labeled bands with the mobility of CS and H were seen in medium conditioned by 35S-sulfate-labeled spinal cord neurons (Fig. lA, right lane) . A faint band with the mobility of HS was also detected. Using cell extracts of spinal cord neurons, the most heavily labeled band had the mobility of H, but HS and CS could also be detected (Fig. lA, left lane) . A similar pattern of bands comigrating with H, HS, and CS standards was seen with DRG neurons and neuron-conditioned medium when the cellulose acetate plate was scraped for scintillation counting (Fig. 1B) .
p-o-Xyloside co-incubation To examine more directly the synthesis of GAGS by neurons, high-density, neuron-enriched spinal cord preparations were cultured with 35S-sulfate in the absence and presence of 0.2 mM /?-D-xyloside. Medium from neurons cultured in the presence of P-D-xyloside contained more total GAG-containing molecules as measured by the CPC filter assay (conditioned control medium, 232 ? 65 dpm/lOO ~1; conditioned fi-D-xyloside medium,791 f 133dpm/100~l;n=5,p<0.01).Asdemonstrated by cellulose acetate electrophoresis and scintillation counting of the scraped plates (Fig. 2) an increase above control occurred in GAGS with the mobility of H and CS (JJ < 0.01).
Enzyme digestions
The identity of released GAGS was further characterized by the CPC filter assay using 35S-sulfate-labeled neuron-conditioned medium digested with heparitinase (350 mu/ml) or chondroitinase ABC (100 mu/ml). Following heparitinase digestion of conditioned medium, 64 f 17% of control counts remained bound to the CPC-impregnated filter disk, while following chondroitinase ABC digestion, 45 f 14% ofcontrol counts remained. A more definitive identification of GAGS was performed by enzyme digestion of isolated GAGS followed by cellulose acetate electrophoresis. Chondroitinase ABC digestion of GAGS isolated from neuron-conditioned medium resulted in a loss of radioactivity in a band migrating with the mobility of CS on cellulose acetate, with no influence on bands with mobility of H and HS (Fig. 3 ). Heparitinase had a specific effect on a HS standard but resulted in a loss of radioactivity of bands comigrating with H and HS standards. These findings suggest that the band comigrating with the H standard was a highly sulfated HS, which is in keeping with the known heterogeneity of charge of this GAG (Gallagher and Walker, 1985) .
SDS-PAGE and radioautography of dialyzed, lyophilized aliquots of 35S-sulfate-conditioned media revealed a single band at the top of the stacking gel, the mobility of which was less following heparitinase and chondroitinase digestion (Fig. 4) . Enzymatic digestion of 3H-leucine-conditioned medium had no effect on the density of the proteins detected by radioautography. Thus, no significant proteolytic activity was present in the chondroitinase or heparitinase enzyme preparations.
Neurite-promoting activity of proteoglycans Inverted well assay to quantify process formation In the present studies, attempts were made to eliminate nonspecific adhesion of neurons that might confound scoring of assays. Similar approaches have been used previously with nonneuronal cells (Dennis et al., 1982 (Dennis et al., , 1984 . Neurons were permitted to adhere for only 30 min at 4°C following which plates were inverted for the remainder of the assay. Thus, scoring of assays made use of cells that adhered within 30 min and extended processes via interactions with the substrate of growth exceeding a force of 1 x g.
On a laminin substrate, sensory neurons adhere and extend processes independent of the presence of NGF (Baron-Von Evercooren et al., 1982) . NGF was used in the present studies to accelerate the rate of regenerative neurite outgrowth, thus facilitating quantification in short-term assays. The number of neurons used for the present assays was deliberately kept low to minimize cell-cell interactions. As a routine, approximately 500-900 neurons were seeded. After 20-24 hr with plates in the inverted position, approximately 7-10% of the seeded cells had processes, but this number represented in excess of 85% of the total adherent cells.
Assays were scored by counting the total number of neurons in the wells with processes longer than 2 cell diameters. This method of quantification underestimated the influence of inhibitory effects since in these wells both the number of neuritebearing cells and the length of the processes were less than in control wells.
Influence of neuron-conditioned medium on neurite formation-efiects of enzyme digestion
Medium from high-density spinal cord neuron cultures was used to pretreat the laminin substrate overnight at 4°C. Wells were then washed extensively prior to seeding of sensory neurons in defined medium with NGF. At 20 hr, neurite extension was at least twice that seen on laminin treated with control defined medium (p < 0.001; Fig. 5, A, B) . Where the poly(D-lysine) substrate was pretreated with conditioned medium and then by laminin, neurite outgrowth was never enhanced more than 15% i A I Figure 5 . Influence ofpretreatment of a laminin substrate with neuronconditioned medium on process formation by DRG neurons. The laminin substrate was treated with (A) control medium, (B) conditioned medium exposed to conditions for heparitinase digestion without addition of enzyme, (C) conditioned medium previously digested with heparitinase (350 mu/ml, for 1 hr at 43°C) (0) conditioned medium previously digested with chondroitinase ABC (100 mu/ml, for 1 hr at 37"C), or (E) conditioned medium previously digested with chondroitinase ABC followed by heparitinase. After pretreatment (24 hr, PC), the wells were washed thoroughly and freshly dissociated DRG neurons (800-9OO/well) were added in serum-free defined medium with 4 PM NGF. The inverted well assay was used as described in Materials and Methods, and wells were scored for process formation after 20 hr in culture. Results are expressed as means f SD (n = 6) of the number of neurite-bearing cells per well.
above control, suggesting that factors in the conditioned medium bound to laminin afforded maximal effect on neurite outgrowth. Where the conditioned medium had been digested previously with heparitinase, the difference between laminin treated with control medium and laminin treated with conditioned me- dium was insignificant (Fig. 5, A, C) . A confounding variable of a heparitinase effect on laminin was excluded by exposing the laminin substrate to heparitinase in conditioned medium overnight at 4°C. Chondroitinase digestion of conditioned medium ( Fig. 5D ) had no influence on neurite-promoting activity, and the effects of sequential chondroitinase and heparitinase digestions were no different than that of heparitinase digestion alone (Fig. 5, C, E) .
Influence of fi-o-xyloside on neurite formation
In the presence of 1 mM B-D-xyloside, the number of neuritebearing cells at 4 hr was no different than in control cultures with 4-methylumbelliferyl-p-D-glucoside (Fig. 6, boxes) , and the influence of P-D-xyloside was no different at 0.2, 1, and 2 mM (data not shown). At 20 hr, however, there were significantly fewer neurons with processes than in control wells.
To examine the kinetics of O-D-xyloside inhibition more rigorously, sensory neurons prepared as described were co-incu- bated with saturating concentrations of laminin (5 &ml) without or with 1 mM p-D-xyloside, and neurite formation was counted at various times up to 26 hr of incubation. In the presence of @-D-xyloside there was inhibition of neurite outgrowth, and the time to half-maximal saturation of the effect was approximately 8 hr (Fig. 6, boxes) . At times longer than 14 hr there were approximately 40% more neurite-bearing cells in the absence of /?-D-xyloside than in the presence of this inhibitor cp < 0.001). Figure 7 shows labeling of sensory neurons with HNK-1 (Leu 7) (A) and GEN-S3 (B). All 3 monoclonal antibodies to peptide fragments of MAG (GEN-Sl, GENS3, GENS8) labeled virtually 100% of sensory neuron cell bodies and processes in vitro.
Biological effects of monoclonal antibodies
Similarly, the HNK-1 (Leu 7) monoclonal antibody labeled both cell bodies and processes of the neurons. Controls showed minimal reaction product on cell bodies and none on processes (C'). beling of neurons by HNK-1 (Leu 7) has been reported previously (McGarry et al., 1985) .
Influence of HNK-1 (Leu 7)
In the presence of HNK-1 (Leu 7), sensory neurons adhered to laminin, but at 16-24 hr they displayed reduced neurite formation that was dependent upon the concentration of HNK-1 (Leu 7) (Fig. 8A) . The influence of the monoclonal antibody had plateaued at 40-50% inhibition between 5-l 0 &ml compared with control (P3X). At the saturation concentration of 10 CLgl ml, the inhibitory effect of HNK-1 (Leu 7) on process formation was not dependent upon the concentration of laminin used to treat the poly(D-lysine) substrate of growth: the percentage inhibition by HNK-1 (Leu 7) was reasonably constant over 2 log orders of laminin concentration between 1 and 100 &ml (Fig.  8B) . Inhibition of neurite outgrowth by HNK-1 (Leu 7) was significant 0, < 0.001) and specific for this monoclonal antibody; inhibition was observed only if the antibody was co-incubated with the neurons (Table 1) . At 16.5 hr, the 3 monoclonal antibodies to peptide domains of the cell adhesion molecule MAG (GEN-Sl, GEN-S3, and GEN-S8) failed to inhibit neurite formation at 10 pg/ml (Table 1) or at 50 j&ml. Control ascites fluid (P3X) had no effect on neurite extension. Antibody to laminin inhibited process formation by sensory neurons by 90-95% but also markedly decreased cell adhesion. Antibody to fibronectin had no effect.
For studies of the kinetics of HNK-1 (Leu 7) inhibition, saturating concentrations of HNK-1 (Leu 7) (10 pg/ml) and laminin (5 &ml) were used. At 3-4 hr after seeding of neurons, there was no inhibition of neurite formation by HNK-1 (Leu 7). However, by 7-9 hr, inhibition could be detected and was highly significant (p < 0.001); this effect plateaued between 15-24 hr (Fig. 6, closed circles) . Thus, the time to half-maximal inhibition by HNK-1 (Leu 7) was approximately 7-8 hr. During the time that inhibition was maximal and plateaued, there was no significant effect of HNK-1 (Leu 7) on cell adherence or the survival of adherent cells (Fig. 6, triangles) .
Influence of HNK-1 (Leu 7) and p-o-xyloside co-incubations
Since the kinetics and magnitude of inhibition of neurite outgrowth by p-D-xyloside and HNK-1 (Leu 7) were similar, coincubation studies were carried out to determine if the influence of HNK-1 (Leu 7) was mediated through blockade of neuronal interaction with released, laminin-complexed proteoglycan species. Sensory neurons were co-incubated on laminin with saturating concentrations of @-D-xyloside (1 mM) and HNK-1 (Leu 7) (10 &ml), and neurite outgrowth was examined at various times from 4 to 26 hr. The kinetics and magnitude of inhibition of neurite outgrowth in the presence of HNK-1 (Leu 7) and fi-D-xyloside were no different than that observed when either of the additives was used alone (Fig. 6) .
Influence of enzyme digestion of neuron-conditioned medium on HNK-1 (Leu 7) inhibition of neurite outgrowth Medium from sensory neuron cultures harvested after 7 d exposure to the cells and having a titer of at least 32 trophic units (reciprocal of the dilution giving half-maximal stimulation of neurite formation) was plated onto a laminin substrate overnight at 4°C. Wells were then washed extensively prior to seeding of sensory neurons. As early as 3-3.5 hr, the number of neuritebearing cells on the treated laminin was 60-70% greater than on laminin alone in the presence of control ascites fluid or monoclonal antibodies GEN-Sl, GEN-S3, or GEN-S8 (p < 0.01). By 20 hr, the difference between treated and untreated laminin was less obvious but in the range of 50%. At all times, but most marked for times up to 8 hr, processes of neurons on treated laminin were longer than on laminin alone. However, in the presence of HNK-1 (Leu 7), the inhibition that was maximal only after 14 hr on untreated laminin (Fig. 6) , was maximal from the earliest times (3-4 hr) when laminin was pretreated with sensory neuron-conditioned medium (Fig. 9, inset) . To provide further evidence that inhibition of neurite formation by HNK-1 (Leu 7) occurred via blockade of neuronproteoglycan interactions, spinal cord neuron-conditioned medium previously digested with heparitinase or chondroitinase was used to pretreat the laminin substrate. Chondroitinase treatment had no influence on the inhibitory effect of HNK-1 (Leu 7) on pretreated laminin at 4 hr. However, heparitinase digestion removed the enhanced neurite-promoting activity of pretreated laminin and the inhibitory effect of HNK-1 (Leu 7) (p < 0.00 1; Fig. 9 ).
Discussion
Biosynthetic studies
The present studies suggest that peripheral and central neurons in vitro synthesize and release heterogeneous species of proteoglycans. Proteoglycans are recovered in cell extracts and in the tissue culture medium: the latter finding suggests a release of these species by the neurons to the extracellular environment.
While a potential small contribution to the proteoglycans detected by radioisotopic and biological studies in conditioned medium from non-neuronal cells contaminating the high-density cultures cannot be eliminated completely, studies of singleneuron performance in short-term assays in the presence of an inhibitor of proteoglycan assembly suggest a role for HSPGs in neurite extension and provide unequivocal evidence that sensory neurons are a source of this class of proteoglycans.
Using cellulose acetate electrophoresis it was apparent that the proteoglycans were heterogeneous. Glycosaminoglycans with the same mobility as CS, HS, and H standards were extracted from cells and from conditioned medium. The identity of the 35S-S0,-labeled band migrating with a CS standard was confirmed as chondroitin sulfate on the basis of chondroitinase digestion; this treatment had no influence on bands migrating with H or HS standards. While mobility on cellulose acetate suggested that both heparin and heparan sulfate proteoglycans were produced, this was not confirmed by digestion with a degradative enzyme specific for HS. Bands migrating with both H and HS standards were reduced in intensity following digestion of conditioned medium with heparitinase, but this enzyme had no influence on bands migrating with a CS standard. The interpretation of these data is that neurons synthesize a family of HSPGs differing in charge densities. This finding is not unique at 4 hr. Spinal cord neuron-conditioned medium was digested with heparitinase (F, H) or chondroitinase (B, D) or exposed to the same conditions without addition of enzyme (A, C, E, G). Medium not exposed to cells but placed on tissue culture wells for the same time period was used as control (I). Wells were exposed to the various treated media overnight at 4"C, and sensory neurons were seeded in fresh defined medium with 10 &ml HNK-1 (Leu 7) or control (P3X) ascites fluid ( 10 pg/ml). Assays were scored at 4 hr. Data are expressed as means k SD (n = 6) of percent of maximum. A, Chondroitinase control plus P3X; B, chondroitinase plus P3X, C, chondroitinase control plus HNk-1 (Leu 7); D, chondroitinase plus HNK-1 (Leu 7); E, heparitinase control plus P3X; F, heparitinase plus P3X; G, heparitinase control plus HNK-1 (Leu 7); H, heparitinase plus HNK-1 (Leu 7); and Z, control medium. Inset, Time course of inhibition of DRG cell neurite formation bv 10 &ml HNK-1 (Leu 7). Open circles refer to the untreated laminin substrate; closed circles, to laminin pretreated with conditioned medium. Results are expressed as means t SD (n = 12) of percent inhibition by HNK-1 (Leu 7).
to neurons, similar observations having been made with other cell systems (Gamse et al., 1978; Winterboume et al., 1983; Gallagher and Walker, 1985) .
The assembly and display of proteoglycans by neurons appear to be similar to that described for other neural cells in vitro (Matthew and Patterson, 1984; Matthew et al., 1985) . These studies used immunological techniques to detect HSPGs released into tissue culture medium and cell-bound HSPG removed by protease digestion. In the present biosynthetic studies, proteoglycans were both cell-associated and released into the extracellular milieu. There appeared to be no qualitative differences in the electrophoretic profiles of cell-bound and released species, and both cell-bound and released GAGS behaved similarly in the presence of B-D-xyloside. /3-D-Xyloside inhibits as-sembly of GAGs onto the protein core by acting as a competitive exposure to fi-D-xyloside produced preferentially HS GAG-chains substrate for the galactosyl transferase required for the synthesis of the linkage region of the oligosaccharide chain (Robinson et of high degrees of sulfation (Ledbetter and Hassell, 1986). al., 1975; Beeley, 1986) and therefore an increase in free GAG chains would be anticipated in the presence of excess p-D-xyThe present studies extend earlier observations on CNS proloside. This observation was made when the neurons were incubated with 35S-S0, in the presence of p-D-xyloside and monduction of proteoglycans. Proteoglycans of the CS and HS class itored by both the CPC filter assay and by cellulose acetate electrophoresis. Of interest, however, and in agreement with have been extracted from whole brain during development studies using the Englebreth-Holm-Swarm (EHS) tumor line, (Margolis et al., 1975) ; extracellular labeling of CS was detected in granular and molecular cell layers of neonatal rat cerebellum, and intracellular labeling of astrocytes appeared at a somewhat later stage (Aquino et al., 1984) . While the developmental profile of some proteoglycans has been established, the identity of cells producing the proteoglycans has not been elucidated completely. The present findings suggest that one source of proteoglycans in the CNS is neurons. Both CS and HS can be found and the HS species appears to be a heterogeneous family with different charge densities possibly related to both size and degrees of similar to that seen when untreated, or chondroitinase-digested conditioned medium was used to pretreat the laminin substrate. This effect was not due to influences of the enzyme on the laminin substrate.
Neuron-HSPG interaction
Studies with the monoclonal antibody HNK-1 (Leu 7) have been interpreted to suggest that the interaction of neurons with HSPGs complexed to laminin is mediated by a site at or in juxtaposition to the HNK-1 (Leu 7) epitope on the neuronal cell surface.
sulfation.
Biological studies
The functional studies presented here indicate that neuronal HSPGs are endowed with net&e-promoting activity. These functional assays provide data at the single cell level that directly support the biosynthetic studies suggesting synthesis and release of HSPGs. Laminin is known to have a HSPG binding domain on its long arm in juxtaposition to the neurite formation site (Timpl et al., 1983; Edgar et al., 1984; Engvall et al., 1986) . Neurite formation by sensory neurons on a laminin substrate was inhibited by fl-D-xyloside but not by the inactive 4-methylumbelliferyl-fl-D-glucoside (Carey et al., 1987) . The effect of p-D-xyloside developed with a half-time of 7-8 hr and was saturated between 0.2 and 2 mM: Over this range of concentrations, neuronal proteoglycan-induced Schwann cell proliferation was inhibited by 90% (Ratner et al., 1985) and enhanced GAG synthesis by EHS tumor cells was constant (Ledbetter and Hassell, 1986) . The observations that inhibition of neurite outgrowth in the presence of @-D-xyloside was significant at times greater than 14 hr but not present at 4 hr and that 4-methylumbelliferyl-P-D-glucoside had no effect suggest either that neurite formation at times less than 4 hr was unrelated to an interaction of neurons with newly synthesized and released laminin-complexed proteoglycans or that these proteoglycans were insufficient to promote neurite outgrowth. The finding that the inhibitory effect of @-D-xyloside developed with a half-time of 7-8 hr and was maximal at times greater than 14 hr is consistent with neuronal synthesis, assembly, and release of proteoglycans to the extracellular milieu. While the experiments demonstrating an inhibitory effect of fi-D-xyloside on neurite formation indicated that released net&e-promoting activity contained proteoglycans, the indirect studies with neuron-conditioned medium suggested that HSPGs were the class of proteoglycans endowed with this activity. Conditioned medium that had been predigested with heparitinase was unable to stimulate neurite outgrowth at a level conditioned medium resulted in the appearance of inhibition from the earliest times (Fig. 9, insert) , indicating by a functional A number of observations have led to these conclusions. Inassay the presence of the HNK-1 (Leu 7) epitope. Second, even hibition of process formation on laminin by HNK-1 (Leu 7) though saturating concentrations of HNK-1 (Leu 7) were used, inhibition of neurite extension was independent of the concencould not be explained by a direct influence on the neurontration of laminin used to coat the culture wells over a range from 1 to 100 Kg/ml. Although the relationship of substratelaminin interaction. If the inhibition were due to a direct influbound laminin to the concentration used is not known, the finding that inhibition of process formation by HNK-1 (Leu 7) ence, it should have been significant from earliest times, and was approximately the same at all laminin concentrations would not be expected if laminin and HNK-1 (Leu 7) were competing less inhibition should have been seen with increasing concenfor the same neuronal receptor. That HNK-1 (Leu 7) did not interact with laminin was demonstrated by the finding that pretrations of laminin. First, the time-dependent appearance of treatment of the laminin substrate with HNK-1 (Leu 7) failed to inhibit neurite formation. inhibition of process formation by HNK-1 (Leu 7) observed in There are 3 plausible explanations for the observations that pretreatment of laminin with neuron-conditioned medium enthe present studies would not be expected if the inhibition were hanced neurite extension and that the inhibitory effect of HNK-1 (Leu 7) appeared in a time-dependent manner. One possibility directed at the neuron-laminin interaction unless the HNK-1 is that the neurons might have produced an enzyme species that modified laminin in a way that unmasked a binding site and (Leu 7) epitope were not present on the cell surface at early made it accessible to the neuronal receptor at or in juxtaposition to the HNK-1 (Leu 7) epitope. Even though neuron-released times. In earlier studies (McGarry et al., 1985) the neuronal proteolytic species have been identified and partially characterized (Kalderon, 1979; Krystosek and Seeds, 1981; Pittman, HNK-1 (Leu 7) epitope was reconstituted on the cell surface 1985) this explanation is unlikely for a number of reasons. First, the effect of HNK-1 (Leu 7) inhibition was independent of the within the 3 hr preplating period used to prepare neurons for concentration of laminin used to treat the wells. Classical enzyme-substrate interactions would not predict this observation. the assays. Furthermore, pretreatment of laminin with neuronSecond, the effect of neuron-conditioned medium on the laminin substrate was similar to the effect seen on poly(D-lysine) in earlier studies (Riopelle and Cameron, 1984; Riopelle et al., 1986) . In both cases, HNK-1 (Leu 7) inhibited process formation by approximately the same degree: poly(D-lysine) is not known to be a substrate for proteolytic species released by neurons. Third, the pretreatment of laminin took place at a temperature (4°C) that likely would not favor enzymatic modifi-cation of the laminin substrate. Finally, laminin is considered to be quite resistant to proteolytic modification (Ott et al., 1982; Engvall et al., 1986) .
A second possibility, suggested by Lander et al. (1985) is that molecular species in the neuron-conditioned medium improved the interaction of laminin with its substrate, thus enhancing neurite outgrowth. That neurite outgrowth on substrates treated by laminin and then by conditioned medium was consistently 4-5 times greater than that observed when the substrate was treated by conditioned medium and then by laminin would suggest that enhanced laminin availability could explain only a fraction of the observed effect.
The third possibility, and the most plausible explanation of the observations, is that the neurons produced molecular species that were released to their microenvironment and, when complexed to laminin, promoted neurite outgrowth via a receptor at or close to the cell surface HNK-1 (Leu 7) epitope. The finding that pretreatment of the laminin substrate with conditioned medium from neuron-enriched cultures made the inhibition of process formation by HNK-1 (Leu 7) significant from the earliest times suggested that the material released to the medium by neurons in high-density cultures and the material released onto the laminin substrate during the time that the inhibitory effects of HNK-1 (Leu 7) became obvious were identical.
That both the net&e-enhancing effect and the inhibitory influence of HNK-1 (Leu 7) at 4 hr were abolished when the conditioned medium used to pretreat the laminin substrate was digested with heparitinase indicated that the neurite-promoting activity resided with HSPGs and provided one piece of evidence that the neuron-HSPG interaction was mediated by a domain in juxtaposition to the neuronal HNK-1 (Leu 7) epitope. Further evidence for this interaction was furnished by findings that both the kinetics and the magnitude of inhibition of process formation by HNK-1 (Leu 7) and by @-D-xyloside were similar and were not additive. Thus, the similar time dependency of inhibition of neurite formation by HNK-1 (Leu 7) and by P-Dxyloside was related to the kinetics of synthesis, assembly, and release of neuron-derived HSPGs. These observations are consistent with the hypothesis that neurons in conditions permitting neurite outgrowth (adherence, temperature) have synthesized and released proteoglycans (HSPGs) that, when bound to laminin, promoted neurite outgrowth mediated by a receptor at or near the HNK-1 (Leu 7) epitope.
While much of the net&e-promoting activity of neuron-conditioned medium can be accounted for by HSPGs, the present studies do not exclude the possibility that other molecular species play some small role. Laminin has been found to be a neuritepromoting species of conditioned medium from a variety of cell lines in vitro . However, a number of observations suggest that laminin is not produced by neurons. First, neuron-conditioned medium enhanced neurite extension on laminin; second, inhibition of neurite extension by HNK-1 (Leu 7) was independent of the concentration of laminin used to treat the substrate; third, immunoblotting of conditioned medium following SDS-PAGE using polyclonal antilaminin and antifibronectin revealed no labeling of species that migrated with subunits of laminin or fibronectin standards (data not shown). It remains a possibility that some of the neuron-released materials with net&e-promoting activity were molecular species with properties similar to other extracellular matrix components or to cell adhesion molecules. Immunoblotting studies of neuron-conditioned medium following SDS-PAGE with anti-entactin and with HNK-1 (Leu 7) showed no immunoreactivity (data not shown). While the possibility that a HNK-1 (Leu 7)-negative CAM-like molecule was playing some role in neurite extension, the observation that most of the biological activity of neuron-conditioned medium could be accounted for by HSPG-neuronal HNK-1 (Leu 7) epitope interactions suggests that any contribution by such species was small and did not involve the neuronal HNK-1 (Leu 7) epitope.
The present experiments indicate that neurite extension on laminin is complex. In previous studies Edgar et al. (1984) and Engvall et al. (1986) have demonstrated that the neurite-promoting site of laminin is localized to the end of the long arm, which is also the site for heparin binding. Engvall et al. (1986) have shown that the neurite-promoting site is different from the heparin-binding domain. The present studies complement and extend these observations by demonstrating, first, that HSPGs of neuronal origin have net&e-promoting activity and, second, that where the net&e-promoting activity of neuronal HSPGs was insufficient (~4 hr) or was removed by P-D-xyloside, heparitinase digestion, or the HNK-1 (Leu 7) monoclonal antibody, laminin continued to promote neurite outgrowth where adhesion to the substrate was not influenced. Thus, laminin was able to promote neurite outgrowth by providing adhesion and neurite-promoting domains and a binding site for HSPGs with neurite-promoting activity.
The finding that HNK-1 (Leu 7) inhibited the neuron-HSPG interaction that promoted neurite outgrowth has begun to elucidate the nature of a neuronal receptor for HSPGs. HNK-1 (Leu 7) recognizes an epitope on the neuronal cell surface (McGarry et al., 1985) . This epitope is also present on nervous system glycolipids and gangliosides (Ilyas et al., 1984; Chou et al., 1985) . However, on the neuron surface the HNK-1 epitope is trypsin labile and therefore present on protein (McGarry et al., 1985) . The epitope has been shown to be a complex carbohydrate (Kruse et al., 1984; McGarry et al., 1985) on cell adhesion glycoproteins (Kruse et al., 1984) and on myelin associated glycoprotein (McGarry et al., 1983) . Using chick embryo neurons, immunoblotting studies with HNK-1 (Leu 7) following SDS-PAGE detected glycoproteins spanning a molecular-weight range of 100-300 kDa (McGarry et al., 1985) . That monoclonal antibodies to peptide domains expressed on the cell adhesion molecule MAG (Nobile-Orazio et al., 1984) and on sensory neurons did not participate directly in the neuron-HSPG interaction (Table 1) adds further support to the suggestion that the neuronal interaction with HSPGs released by the neurons is mediated by a carbohydrate epitope on cell adhesion glycoproteins. This interpretation is consistent with the studies of Cunningham et al. (1983) demonstrating a HSPG binding domain on the neural cell adhesion molecule. As pointed out by Schachner and colleagues (Kruse et al., 1984) and Riopelle et al. (1986) , the cell adhesion glycoproteins provide neurons with a multiplicity of adhesive mechanisms. The present studies extend previous experiments and add to the list of adhesive properties of cell adhesion glycoproteins by demonstrating that carbohydrate domains at or in juxtaposition to the HNK-1 (Leu 7) epitope of these neuronal glycoproteins interact with laminincomplexed neurite-promoting HSPGs. Parenthetically, that MAG is expressed by sensory neurons remains to be established conclusively using molecular probes for MAG: immunoblotting studies with the GEN-Sl and GEN-S3 monoclonal antibodies following SDS-PAGE of sensory and spinal cord neuron extracts revealed a number of bands spanning a molecular-weight range of 90-300 kDa, some of which were also labeled with HNK-1 (Leu 7) (R. J. Riopelle, unpublished observations). Much remains to be learned of the functional significance of interactions between adhesion glycoproteins and proteoglycans during development or regeneration. Bronner-Fraser (1987) has described a potential role for the HNK-1 (Leu 7) epitope in neural crest development and migration, and Erickson and Turley (1987) have reported that neural crest cells synthesize and release proteoglycans, including HSPG. There is evidence that cell adhesion molecules and proteoglycans play roles in both cell-cell and cell-substrate interactions in vitro Bixby et al., 1987) and that these molecular species are interactive. Observations reported in the present studies indicating that HSPGs have neutite-promoting activity, are both cell bound and released to the extracellular milieu, and display different charge densities suggest a degree of functional diversity of these proteoglycans analogous to that attributed to cell adhesion glycoproteins.
That laminin can promote neurite outgrowth by at least 2 mechanisms and that neurons can modify and respond to modifications of defined molecular species of the extracellular matrix using microheterogeneous interactive molecular species begins to address mechanisms that may subserve selective pathway guidance and exquisite connectivity during axonal growth and regeneration.
